Abstract
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Similarly, other cadherins are involved in trans and cis interactions, and use their cytoplasmic domain 2 to bind to regulatory proteins (see Box 1). However, non-classical cadherins display a more diverse 3 set of cytoplasmic domains, and their extracellular regions have varying number of EC repeats ( Table  4 1). For instance, CDH13 (T-cadherin) with five EC repeats, is unique as it lacks transmembrane and 5 cytoplasmic domains and is anchored to the membrane through a glycophosphatidylinositol (GPI) 6 moiety [45, 46] . The non-classical cadherins CDH16 and CDH17 have seven EC repeats and very short 7 cytoplasmic domains [47] [48] [49] . On the protocadherin side, three gene clusters (α, β, and γ) code for a 8 large number of proteins (a total of ~60 in most mammalian species) each with six EC repeats and a 9 single pass transmembrane domain. The α and γ clusters have a variable cytoplasmic subdomain 10 concatenated to a constant cytoplasmic region, whereas PCDHβs lack the latter [16,17,24,50]. Other 11 "non-clustered" protocadherins have signature sequences in their cytoplasmic domains [51] [52] [53] [54] or 12 feature very long extracellular domains containing up to 34 EC repeats (Table 1 [ 
Cytoplasmic-based Classification of Cadherins

22
Initial attempts to classify the cadherin family used functional criteria and cytoplasmic domain 23 sequences, rather than full-length protein sequences. This approach permitted easy identification of 24 Importantly, new subfamilies can be identified in the EC1-based classification when considering non-1 mammalian sequences of cadherins [20, 21] . The C-2 family, including the CELSRs in mammals, also 2 encompasses type III cadherins like Drosophila DN-cadherin, chicken Hz, and zebrafish and 3
Xenopus cHz-like cadherins. Type IV cadherins like Drosophila shotgun (DE-cadherin) and cricket 4 (Gryllus bimaculatus) Gb1-cadherin also belong to the C-2 family. Type III cadherins with 13 to 17 EC 5 repeats and type IV cadherins with seven EC repeats are not present in mammals. 6 7 The EC1-based scheme is not perfect. Proteins such as CDH1 and DE-cadherin are grouped in 8 different subfamilies although they perform similar tasks in different species. Therefore, function 9
may not be segregated with subfamily in this classification, which hints at more general difficulties 10 when establishing evolutionary and sequence-structure-function relationships within a family of 11 proteins across phyla [64] . Clearly, even close homologues may have different cellular functions and 12 biochemical properties. Conversely, proteins that differ widely in sequence and structure may carry 13 out similar functions in different species. Thus, evolutionary studies and sequence analyses of 14 cadherins must be performed in the context of functional and biochemical data for members of 15 protein families across multiple species [64] . 16
17
Another shortfall of the EC1-based classification is that some cadherins use EC repeats other than 18 EC1 to perform their function in adhesion and signaling. This could be particularly relevant for long 19 cadherins with unusual calcium binding sites that may adopt globular shapes [65] thereby using 20 binding mechanisms that resemble those used by the Drosophila DSCAMs [66] . The EC1-based classification that emerged from work on classical cadherins remains attractive 3 despite the pitfalls described above. It provides a simple way to deal with diverse multi-domain 4 cadherins, while at the same time providing insights into EC1-based interaction mechanisms for 5 cadherins. New binding mechanisms in classical and non-classical members of the family, however, 6
suggest that the EC1-based homotypic interaction paradigm may not be applicable for all cadherins, 7
and that the EC1-based classification should be updated. We therefore continue reviewing these new 8 binding mechanisms observed for classical cadherins, atypical cadherins CDH23 and PCDH15, and 9 clustered protocadherins, and suggest a new grouping based on the sequences of the first three EC 10 repeats ( Figure IIb) [68, 69] indicate that interactions 21 are tip-to-tip (EC1 to EC1), and reminiscent of the arrangements seen in crystals of entire extracellular 22 domains of classical cadherins [61] . These studies further validate the approach of using EC1 23 sequences to classify the superfamily. 24 1 Interestingly, CDH13 (T-cadherin), a non-classical member of the cadherin family that lacks the EC1 2 features required for the trans EC1-to-EC1 strand-swapping interaction ([22] , Figure 2a ), does mediate 3 trans homotypic cell-cell adhesion [45, 46] . This unusual cadherin does not have a transmembrane or 4 cytoplasmic domain, but it is linked to the plasma membrane through a GPI anchor. Moreover, 5 crystallographic structures of CDH13 EC1 and EC2 repeats revealed a new mode of trans homotypic 6 interaction that involves both its EC1 and EC2 repeats in a so-called "X-dimer" conformation [70] 7 (Figure 2b) . A series of in vitro biochemical and cell-based assays confirmed the X-dimer interface for 8 CDH13, which was found to mediate robust aggregation of CHO-cells and to mediate inhibition of 9 neurite outgrowth [70] . 10
11
The X-dimer arrangement had been identified in previous X-ray structures of a mutant CDH1 [71] , 12 but had been regarded as either a candidate for mediating cis interactions among cadherins [71,38,72] 13 or a crystal packing artifact (see discussion in [73] ). Additional structural analyses of mutated 14 classical cadherins and CDH13 [70, 73] suggest that the X-dimer is a transient state used by all classical 15 cadherins. This state, which is consistent with a second bonded conformation observed in single-16 molecule FRET experiments [60] and involves repeat EC2, may facilitate the subsequent exchange of 17 β-strands seen in the EC1-to-EC1 strand swapped dimers [73] (Figure 2c) unequivocally shown that two non-classical cadherins, mouse Cdh23 and Pcdh15, do form a 4 functional heterotypic complex that also involves both repeats EC1 and EC2. and ex vivo functional tests [77] . 23
13
The handshake interface is possible due to special structural features of both Cdh23 and Pcdh15 1 protomers. In both cases the N-terminal strand of EC1 is unlike that of classical cadherins: it extends 2 towards the top of the protomer where it is tucked and secured by a novel calcium binding site in 3
Cdh23 [78, 79] and by a disulfide bond in Pcdh15 [79] (Figure 3c, Overall, these results show an apparent heterotypic promiscuity among non-classical cadherins 4 interacting in cis (particularly for the clustered protocadherins), while trans interactions that involve 5 repeats EC1, EC2, and EC3 are strictly homotypic, at least for the γ subfamily. It is apparent that 6 involvement of some cadherins in signaling and cell recognition requires a transient and perhaps 7 weak interaction, while in other cases, a strong bond may serve for concomitant signaling and 8 adhesive functions. Regardless of their role in signaling or in more stable adhesive contacts, most of 9 the cadherin interactions described so far involve repeats that go beyond repeat EC1, and most have 10 not been complemented with structures. Moreover, there is a lack of a systematic exploration of the 11 possible complexes that can be formed by superfamily members. 12 13 14
Concluding Remarks
16
The research summarized above has revealed functional and structural diversity among cadherins. 17
Overall, these results highlight the need to abandon the narrow view of homotypic adhesive 18 interactions mediated by EC1 for all cadherins and explore function beyond the classical paradigm 19 (see Outstanding Questions). Many cadherins use alternate binding mechanisms that involve both 20 homotypic and heterotypic interactions mediated by multiple EC repeats. These interactions may 21 play a role in adhesion, signaling, or both. Together these results also suggest that the EC1-based 22 classification should be extended to incorporate at least EC2 and EC3 repeats. Evolutionary 23 relationships are unlikely to be captured by such classification, as they require more comprehensive 24 analyses of the full-length protein sequences and of the biochemical properties of both intra and 1 extracellular domains. However, we propose that EC-based classifications may serve a different 2 purpose: to identify families and subfamilies, within a species, that share distinct binding 3 mechanisms, thereby providing roadmaps to probe and build species-specific cadherin connectomes. 4
For instance, rearrangement of the human cadherin superfamily using sequences covering EC1, EC2, 5 and EC3 repeats reveals interesting relationships and general criteria that can be used to predict 6 interaction candidates (Box 2). As a test, we propose two strong complex candidates for heterotypic 7 interactions (FAT4/FAT3 and CDHR2/CDHR5), among many other possibilities that need to be 8 based binding assays should take into account the lack of cytoplasmic domains and cis partners that 7 might be required to establish an interaction. In addition, the role of mechanical forces as modulators 8 of binding affinity, as well as isoform diversity and glycosylation must be taken into account in the 9 context of testing functional cadherin interactions. 
less is known about its cytoplasmic partners. Celsrs are important in planar cell polarity and neuronal 11 morphology, but again little is known about their intracellular partners [116] . To predict interactions among cadherins the EC1-3 based classification is used (Table 1 and Figure  5 IIb). Specific rules of engagement can be defined based on our current knowledge of cadherin 6 interactions. For instance, homotypic and heterotypic trans interactions have been reported for 7 members within subtrees defined by type I, type II, and desmosomal cadherins, but not across these 8 subtrees. Similarly, FAT4 groups with DCHS1 and DCHS2, and trans heterotypic interactions 9 between Fat4 and Dchs1 have been reported. Therefore, members of a given subtree in which there is 10 at least one confirmed trans homotypic or heterotypic interaction, may similarly engage in heterotypic 11 trans interactions with some of the other members of the same subtree. This "subtree identity" 12 criterion is valid for the cases mentioned above, and makes specific predictions ( Figure IIc) . 13
14
As an example, given that zebrafish Pcdh19 mediates homotypic trans adhesive interactions (and 15 assuming that this result is valid for mammals), the subtree criterion used with the EC1-3 based 16 alignment predicts heterotypic trans adhesive interactions among PCDH10, PCDH17, PCDHαc2, 17 PCDHγc4, and PCDHγc5 (which group with the PCDH19 subtree). Similarly, PCDH8, PCDH12, and 18 PCDH18, as well as all δ1 protocadherins would form two groups with potential for trans homotypic 19 and heterotypic contact formation ( Figure IIc) . Members of these groups do not have long N-termini, 20 required for a handshake interaction, and lack the tryptophans required for a β-strand classical 21 interaction, suggesting an X-dimer or a novel type of interaction (except for PCDH12 and the δ1 22
PCDH20, which do feature long N-termini and may use a handshake-like interaction instead). 23 24
The subtree identity criterion is not be applicable to clustered protocadherins, which do not seem to 1 mediate adhesive trans interactions, and even weak trans interactions have been reported to be 2 strictly homotypic (involving a single branch within the subtree). Similarly, CELSRs do not engage in 3 heterotypic trans interactions. 
17
A refinement of these criteria may involve specific sequence motifs that facilitate known cadherin 18 interactions. For instance, the PCDH15 "EVRIVVR" motif involved in the handshake with CDH23 is 19 found in mouse Fat4 at the same location ("EVRVLVR") [79] . Similarly, the CDH23 "KVNIQV" motif 20 with interfacial residues is identical in EC1 of mouse Fat3. Thus, Fat4 and Fat3 may engage in a 21 handshake-like interaction, and define another set of sibling subtrees. 22
Additional sibling subtrees can be defined when extending this criterion to cis heterotypic contacts. 1
Pcdh19 from zebrafish and Pcdh8 from mouse form a cis complex with CDH2, defining two 2 additional sets of sibling subtrees (δ2 and type I; δ2' and type I) and thereby multiple potential 3 complexes ( Figure IIe) . Similarly, the α, β and γ clustered protocadherins seem to engage 4 promiscuously in cis heterotypic complexes. The underlying molecular mechanisms and specificity (if 5 any) for these interactions remain unknown. 
